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Introduction
Rechargeable lithium-ion batteries (LIBs) are currently playing a critical role in energy storage technologies. Due to their overwhelming advantages, including high gravimetric and volumetric capacity, high rates of power, and low weight, LIBs have successfully been used in various portable electronic devices and mobile applications [1, 2] . With the ever increasing power requirements for real-life applications and the concerning of the environment, it is necessary to improve the performance of the electrode materials in the same time to lower the costs, achieve large-scale production, and use industry waste materials as active materials [3, 4] .
Graphite is the conventional anode materials for commercial LIBs, in which every six carbon atoms can be intercalated with one lithium atom at maximum, with just over 10 % volume expansion. It shows high reversibility and stable capacity with prolonged cycling, but the reversible capacity has reached its theoretical limit (~372 mAh g ) [5] [6] [7] , and tin (994 mAh g -1 ) [8] [9] [10] [11] .
silicon shows great advantages over the other candidates owing to its appealing features including exceptionally high theoretical capacity, lower voltage plateau, non-toxicity, low cost, and abundance, However, it generally suffers from enormous volume expansion (328 %) during the lithiation and de-lithiation processes, causing the cracking and pulverization of active materials, followed by disintegration of the electrode and eventually leading to rapid capacity fading.
Large-volume change severely restricts practical applications [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In recent years, some strategies devoted to nanostructured silicon can alleviate the volume expansion to some extent.
These include chemical vapor deposition [15, 16] , the template method [17, 18] , and chemical reactions [19, 20] . Nevertheless, the synthesis processes are complicated, expensive, and difficult to industrialize. The other effective tactic to overcome the volume changes is by means of an active/conductive matrix to form a composite [21] [22] [23] [24] [25] [26] . Therefore, incorporating silicon to optimize carbon anode is a feasible and desirable solution to realize the high energy density needed for some practical applications [27] . The silicon content of the composite could significantly affect the overall properties of the electrode. If the composite were Si-rich, the electrode would definitely undergo large volume changes. It is evident that a Si-poor composite should go through less volume change and deliver better capacity retention to the electrodes [28] . Based on this principle, Si/C composite with a relatively low proportion of silicon is an excellent candidate to substitute for graphite anode in large-scale applications. Furthermore, from a commercial viewpoint, it is crucial to utilize a simple, green, and low-priced synthesis method, one that is also based on cheap and abundant raw materials. Coal tar pitch (CTP) as an industrial by-product, composed of cyclical hydrocarbons of various molecular weights and configurations. It has significant health hazards and environmental concerns. In China, the output of CTP was up to 8.7 million tons during the first four months of 2012 [29] . Recycling this low-cost waste into a promising active material for energy storage could be of great benefit to both the environmental issues and the energy challenges, and help to achieve green and sustainable energy development. Several previous works based on CTP have been devoted to its applications in LIBs and supercapacitors [30] [31] [32] . Previous works, however, only focused on activated carbon materials, which showed slightly lower capacity than the already commercialized carbon. To date, there is still no report on using CTP as a cheap carbon precursor for Si/C composites. More recently, polymer binders attract wide attention, which have been shown can greatly influence the performance of Si-based composite electrodes. Compared with conventional poly(vinylidene fluoride)(PVdF), the polymers with carboxy groups, such as polyacrylic acid (PAA) and carboxymethyl cellulose(CMC), can react with hydrocyl functionalities on the both carbon and silicon surfaces to confine the active material to the binder, which is responsible for the improvement of the electrode. [33] [34] Remarkable progress has been made recently, alginate sodium (AS), a new kind of bio-derived binder with higher content of carboxylic group, can result in a large number of possible binder-Si / binder-C bonds and eventually much better cycling performance. [35] Here, we present a facile sintering method to synthesize Si/amorphous carbon (AC) composite materials, which is easy to be scaled up. Certain amounts of silicon were introduced into AC derived from CTP. Furthermore, the binder effects have been revealed to determine lithium storage performances of the Si/AC.
Experimental
Material synthesis
The Si/AC composites were fabricated by pyrolyzing a mixture of silicon nanoparticles (50-100 nm; 
Structural characterization
The samples were characterized by field-emission scanning electron microscopy (FESEM; JEOL7500), transmission electron microscopy (TEM; JEOL JEM-2100F), and powder X-ray diffraction (XRD; GBC MMA) with Cu Kα radiation. Raman spectra were collected by a 10 mW helium/neon laser at 632.8 nm excitation, which was filtered by a neutral density filter to reduce the laser intensity and a charge-coupled detector (CCD). Thermogravimetric analysis (TGA) was performed in air with the help of a SETARAM Thermogravimetric Analyzer (France). The X-ray photoelectron spectra (XPS) experiment was carried out using Al Kalpha radiation and fixed analyser transmission mode. The pass energy was 60 eV for the survey spectra and 20 eV for specific elements.
Electrochemical Tests
The tests were conducted by assembling coin-type half cells in an argon-filled glove box. Lithium 
Results and discussion
The composites proposed here has similar structure as the seeds (Si nanoparticles) in the pulp ( Si into a robust and flexible one that can accommodate the mechanical strains induced by the volume changes [36] , but also can effectively buffer the volume expansion and enhance the conductivity of Si, thus preventing the degradation of the electrode integrity [15, 21, 22] . Combining carbon with an appropriate amount of Si can eventually ensure higher capacity and stable performance over long cycling.
Field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) were used to characterize the morphology of the obtained materials. The components of the electrodes were further confirmed by X-ray photoelectron spectra (XPS).
The spectra attributable to C1s, Si 2p3/2 and O1s were shown in Figure 5a , 5b and 5c, respectively.
The spectrum of C1s revealed that the amorphous carbon from CTP represent the three possible bonds of graphite (C, ~284.4 eV), hydrocarbon(C-C, ~285.5 eV) and C=O (~287.5 eV), respectively [37] .
The third peak shift to 288.91 eV and 288.30 eV in 0.5 Si/AC and 0.2 Si/AC, which is corresponding to the peak of C-O-Si [38] . The spectrum of Si 2p 3/2 showed that two peaks can be attributed to the Si0 shows a clear difference among those samples, the intensity of the band decreases with the increase of AC content, and an obvious blue shift can be observed. The differences are ascribed to the transverse optical mode, maybe result from a phonon confinement effect and/or a masking effect [36] ; those indicate that the silicon nanoparticles are wrapped by amorphous SiO x and AC. This structure is very favorable to lithium storage, which can supply sufficient conductivity and strong elasticity to withstand the deformation stresses [45] .
The charge-discharge curves of 0.2 Si/AC and 0.5 Si/AC with different binders are illustrated in Figure 6 . For the 0.2 Si/AC anodes, all of electrodes show the capacity increase with the increase of cycle numbers. The first discharge has a short platform at around 0.65 V, which is the SEI formation potential on a Si/C surface due to the decomposition of electrolyte. The charge capacity slowly increases during the cycles, indicating that the silicon particles inside the carbon matrix are activated gradually. In the following cycles, the charge capacity tends to decrease slightly, which illustrates that the architecture of the hybrid Si/AC has begun to slowly collapse, inducing the Si particles to separate from the carbon matrix. The 0.2 Si/AC-PVdF shows obvious differences amongst the three electrodes, presenting sloping charge/discharge curves without any Li-Si alloying plateau and persistent capacity increase. It is probably due to the low amount of pure crystalline Si and the existence of amorphous SiOx would activated gradually and AC play a main role in the PVdF binder. The CV curves and dQ / dV curves further prove this speculation by exhibiting obviously typical anodic and cathodic peaks for To highlight the superiority of 0.2 Si/AC anode, the prolonged cycling performances of the four electrodes are displayed in Figure 9 . The capacity of pure AC with PVdF binder is about 310 mAh g cycles. It can be seen that the 0.2 Si/AC has the highest capacity retention, which is as high as 105.3 % over 350 cycles. After 1000 cycles, the capacity retention is still maintained at 71.3 %. In addition,
Although the first cycle coulombic efficiency (CE) is a little bit low, which is ascribed to the formation of the SEI film and irreversible lithium insertion into the composite, the coulombic efficiency is above 99.5 % over the following 1000 cycles. The AC shows capacity retention of 100 % without capacity fading during 600 cycles, while for the pure silicon and the 0.5 Si/AC electrodes, the capacity retention is only 7 % and 34.2 % at the 130th cycle, respectively. Therefore, the silicon content embedded into the AC can hugely improve the total performance of the composite electrode.
All the results confirm that the silicon is favorable to the enhancement of capacity, but harmful to the cycling lifespan of the AC matrix anode. The amount of silicon plays a key role with respect to both of these aspects. The good Li-storage performance of 0.2 Si/AC can be attributed to its adequate silicon content and the effective buffering function of the AC matrix. The 0.2 Si/AC electrode can achieve a significantly improved reversible capacity without sacrificing its stable cycling performance.
The 0.2 Si/AC-PVdF anode was also subjected to higher current densities. As shown in the inset of Figure 10 , the cell was cycled at current densities of 50, 100, 200, 500, and 1000 mA g , which is consistent with the observed capacity increment in prolonged cycles, indicating that the silicon particles incorporated into the AC matrix undergo an inevitable activation process.
Conclusions
In summary, Si/AC composites were fabricated in large quantities by a facile sintering method.
From environmental and energy considerations, an industrial waste product, coal tar pitch (CTP), was used as the carbon source of the composite. Certain amounts of silicon nanoparticles were encapsulated in the AC matrix. Various binders are utilized to study the effects of binder to the electrochemical properties of electrodes. Electrochemical measurements show that the 0.2 Si/AC composite with PVdF binder exhibits higher specific reversible capacity than pristine carbon materials, excellent cycling stability, and relatively good high rate capability. Moreover, the preparation process developed herein is simple, green, low-cost, and easy to scale up as well.
Therefore, coal tar pitch as a common industrial waste product provides a widely available and low-cost precursor to produce high-performance Si/C composite, supplying a practicality for the manufacture of lithium-ion batteries. 
